DNAs encoding ricin toxin A chain (RTA), with or without a C-terminal endoplasmic reticulum retention signal KDEL, were subcloned into pGEX2T bacterial expression plasmid.
Introduction
Many soluble endoplasmic reticulum (ER)-resident proteins contain a C-terminal KDEL sequence (1) . When these proteins reach the Golgi, the KDEL ligand binds to specific receptors in the Golgi membrane (2) . By a poorly understood process, the ER protein-KDEL receptor complex triggers return of the KDELcontaining protein to the ER (3). In the ER, the complex dissociates and the luminal ER proteins are free to facilitate normal ER functions such as membrane translocation, glycosylation, disulfide bond rearrangement, and protein folding.
In at least several instances, protein toxins utilize the KDEL receptor to reach the ER before translocation to the cytosol. Both Shiga toxin and Pseadomonas exotoxin fail to intoxicate cells without C-terminal RDEL (4.5). Brefeldin A blocks ARF ATPase function, blocks vesicle traffic between the Golgi and ER, and prevents intoxication by these toxins (6) . In addition, the polypeptide toxins lack pore-forming domains and may require the translocation machinery of the ER to reach the cytosol (7, 8) . For Shiga toxin, im-Supported by NIH grant ROlCA34116 (AF) and ACS grant 9380 (ET). munoelectron microscopy has been used to correlate access of the toxin to the ER organelle with cytotoxicity (9) .
Ricin is a 65-KD heterodimeric glycoprotein found in castor bean seeds. The toxin consists of a 33-KD Mr lectin B-chain (RTB) disulfide linked to a 32-KD MI rRNA N-glycosidase A-chain (RTA) (10) . RTB binds mammalian cell surface glycoproteins and triggers internalization and routing of the toxin to an intracellular vesicle, from which RTA is released and translocates to the cytosol (11) . In the cytosol, RTA catalytically inactivates protein synthesis (12) .
Although the translocation-competent intracellular vesicle for ricin is unknown, several'pieces of evidence point to the ER. Ricin, similar to Shiga and Pseudomonas toxin, lacks a pore-forming domain and therefore may need the translocon to reach the cytosol (8) . Moreover, reduction of the disulfide bond between RTA and RTB is necessary for intoxication, and protein disulfide isomerase is enriched in the ER (13) . Brefeldin A treatment induces ricin resistance, presumably by eliminating ricin transfer from the Golgi to the ER compartment (6) . Finally, ricin binds an intracellular galactosyl-terminated glycoprotein in a Golgi or later compartment, which is required for subsequent cell intoxication (14) . This intracellular lectin function may facilitate transfer from the Golgi to a post-Golgi vesicle compartment, presumably the ER.
Lord and colleagues provided direct evidence for ER localization in ricin intoxication (15J6). RTA was expressed in bacteria with 159 160 TAGGE. CHANDLER, WEN TANG, HONG, WlLLINGHAM. FRANKEL cithcr C-terminal KDEA or KDEL. Cytotoxicity was asscsscd on Vcro and HcLa cclls for RTAs and rcassociatcd hctcrodimcn. KDEL cnhanccd cytotoxicity for both RTA and ricin, suggesting that dclivcry of toxin to the ER Icd to improvcd RTA translocation. However. scvcral othcr groups havc failed to observe KDEL cnhanccmcnt for RTA and RTA immunoconjugatcs on othcr ccll lincs (17.18).
Wc prcparcd wild-type RTA and RTA with C-tcrminal KDEL in bactcria and tcstcd cyrotoxicitics of rhc frcc A-chains and RTA-RTB hetcrodimcrs on scvcn distinct mammalian ccll lines. This rcport dcscribcs the propcrtics of rhcsc toxins and the biological bchavior of thc molcculcs on the diffcrcnt ccll lines.
Materials and Methods
Reagents. Rcstriction cndonuclcascs and T4 ligasc wcrc from Promcga (Madison. WI). Plant RTB. plant RTA. and ricin wcrc from Inland Labora. rorics (Austin. TX). Vcro. CEM. OVCAR3. CHO. Hcp3B. KB. and HUT102 cclls wcrc obtained from the Amcrican Tvpc Culrurc Collccrion (Rockvillc. MD) and arc dcscribed in Eblc 1. aBRl2 m o w monoclonal antibody (MAb) was a gift of Dr. Walrcr Blatrlcr. ImmunoCcn (Cambridge. MA). pAKG plasmid was a gift of Dr. Robcrc Weaver. Univcnity of Kansas (Lawrcncc. KA) (19) . KR-IO mousc MAb to thc p23 KDEL rcccptor was prcparcd as previouslv dcxribcd (20) .
Constmaion of RTA Expression Plasmids. pAKG plasmid was uscd IO transform compcrcnt INVaF E. coli cells (In Vitrogcn; San Diego. CA) according to thc supplier's instructions. Plasmid DNA was purified by alkaline lysis and absorprion to silica matrix. The purified DNA was then used as a rcmplatc in polymcrvc chain rcactions (PCRs) to amplify DNA cncoding RTA and RTA-KDEL. Thc 5'oligocontained a BamHI site followtd by thc finr six codons of RTA. Thc 3'0lig0 had the complcmcntary revcrsc sequence for thc last six codons of RTA. followtd by either two stop codons or by AAAGAKAACTA encoding KDEL. rhcn thc two stop codons. and thcn an EcoRl site. The PCR products wcrc purified from agarose gCl sliccs by the freeze-squcczc tcchniquc (21) . restricted with BamHl and EcoRI. and subcloned into pGEX2T bacterial aprcssion plasmid (22) . Expression plasmids werc then uscd to transform compctcnt JMl05 cells. Doublcstranded didcoxy xqucncing ws pcrfomcd using Scqucnasc mgents (USB Clevcland. OH) to confirm the apccrcd coding scqucncc.
Expression of RTA and RTA-KDEL. Transformcd E. coli wcrc grown at 3:' C in a shaker-incubator in I litcr of L-broth with 100 pglml ampicillin and adjusrcd to 1 mM IPTC at an optical density ar 660 nm of 1.5. Aftcr 6 hr more at 37'C in the shakcr. the cclls wcrc harvcstcd by ccntrifugarion at 5000 x g for 10 min at 4'C. Cells wcrc frozen ar -7O'C.
Purification of Recombinant Proteins. Cells wcrc thawed and rcsuspcndcd in 50 ml PBS and sonicaccd fivc times for 30 scc on icc. Extracts wcrc adjusted to 1% Triton X-100 and mixed gently for 30 min on icc. Insoluble marcrials were rcmovcd by ccntrifugation at 12.000 x g for 10 min at 4'C. Supernatants wcre cach mixcd with 1 ml of a 50% slurry of glutathione-Scpharosc 4 8 in PBS and agitated gcntly for 30 min at room rcmpcrarurc (RT). After centrifugation ar 1300 x g for 7 min at RT the matrix was washed thrce timcs with 5 ml PBS and then 25 pI of thrombin (1 IUlpl) was added with 475 pI of PBS. Enzyme digestion was cxtcndcd ovcmight at RT with gcnrlc agitation and thc matrix centrifuged at GOO0 x g for 5 min at RT. Thc eluants were saved ar -2O'C.
Chanaerization of RTAs. Protein concentrations wcrc dctcrmincd by mcrsuring absorbance at 280 nm [plant RTA at 1 mglml yiclds an ODzm = 0.77 (23)J and by the method of Bradford Using bovine scrum albumin (BSA) as the standard (24) .
Purity was wesscd by SDS-PAGE with aliquots of plant RTA. bacterial RTA. and RTA-KDEL samples. prcstaincd low molccular wcighr prorcin standards. and Coomassic staining as previously dcxribcd (25) Immunoreactivity was rcstcd using immunoblors with aliquors of plant RTA. bacrcrial wild-type RTA. and RTA-KDEL. prcsraincd low molcc~ilar weight prorcin standards. and with polyclonal rabbit antiricin (Sigma: Sr
Louis, MO) as previously dcxribcd (26).
Enzymatic activitics of recombinant RTAs wcrc quantitated by a protcin synrhcsis inhibition assay as previously performed (25) . turcswcre incubated at RTfor 12 hr with gentleshaking and thc rcassociatcd hctcrodimen stored at -2O.C. The hcrcrodimer concentration was analyzed by a ricin ELISA as dcxribed (26) .
Cytotoxicity of Recombinant Heterdimea. One hundred-pl aliquotc containing 2 x 10' cells of either CEM. OVCAR3. Vcro, Hcp3B. Cos. KR. or HUT102 werc mixed with dilutions of ricin, RTA. RTA-KDEL. RTA-KDEGRTB. or RTA-RTB in leucine-frec RPMI 1640 and incuharcd at 37'C. 5 % CO2 for I8 hr. Cells were labeled for 4 hr with [ 'HI-lcucinc (1 pcilwcll) and harvcstcd onto glass fibcr mats and counted. Twelve diffcrcnr concentrations of toxin were tcstcd in triplicate on each cell line bctwccn two and five separatc occasions. The conccntrarions of protcin which inhibited protein synthesis by 50% compared to control (ID,") was dctcrmined. A nonparamctric Wilcoxon test was used to comparc ID," ratios of non-KDEL toxins to KDEL toxins in different cell lines (27.28) . 
Results

Production of Recombinant RTAs
Yields were 2 mgllirerculture medium for wild-type RTA and 3.5 mgllitcr for RTA-KDEL. based on absorbance measurements and Rradford assays.
Characterization of Recombinant RTAs
SDS-PAGE followed by Coomassic staining showed single bands of 28 KD for RTA and 28.5 KD for RTA-KDEL (Figure 1 ). Immunoblots with rabbit anriricin showed similar reactivity of bacterial RTA and RTA-KDEL to that seen with plant RTA (Figure 2 ).
The enzymatic activity of the bacterial RTA preparations was indistinguishable from plant RTA. All three proteins inhibited in vitro protcin synthesis of rabbit reticulocyte lysates with lDIos of 1 x IO-" M.
Reassociation of Recombinant Proteins with Plant RTB
After reassociation with a twofold molar cxccss of plant RTB, over 50% of RTA and 46% of RTA-KDEL formed hererodimen, based on ricin ELISA.
Mammalian Cell Cytotoxicity
The IDros for ricin, wild-type RTA-plant RTB. RTA-KDEL-plant RTB. wild-type RTA alone. and RTA-KDEL alone on seven different mammalian cell lines are shown in Table 2 . A sample cytotoxicity experiment is shown in Figure 3 .
There was a broad range of sensitivities of cell lines to ricin, ranging from an ID50 of 1.5 x M for KB cells to 4 x 10-I) M for Hcp3B cells. The cell line sensitivities to rcassociatcd wildtype RTA-RTB were similar to ricin in each case but were consistently higher. The KDELcontaining RTA-RTB hetcrodimcn had different effects on two sets of cell lines. The HUTIO2, CEM, and OVCAR3 cell lines showed similar sensitivity to wild-type RTA-RTB and RTA-KDEL-RTB hcterodimcrs. In contrast, Cos. KB, Vero. and Hcp3B cell lines were much more sensitive to RTA-KDEL-RTB than wild-type RTA-RTB heterodimen. All of the cell lines were relatively insensitive to wild-type RTA, with IDros of 1 to >3 x M. Each of the cell lines was more sensitive to RTA-KDEL-2.8-fold for HUTIO2, 15-fold for OVCAR3, 20-fold for CEM. 48-fold for Vcro. 53-fold for KB, 100-fold for Cos. and 143-fold for Hcp3B.
To more directly comparc KDEL enhancement of cytotoxicity for RTA and ricin, the ratios of lD5os for toxins with and without KDEL are shown in Table 3 . As noted above. KDEL enhances both RTA and ricin cytotoxicity. However the degree of enhancement is greater for RTA. Moreover, three of the cell lines (HUTIO2, CEM, and OVCAR3) showed less enhancement with KDEL than with the other cell lines (Vero, KB, Cos, and Hep3B). ID50 ratios were compared among Vero, KB, Cos, and the other cell lines by the nonparametric Wilcoxon test. The ricin ID50 ratios were very different, with a p value of less than 0.001. Moreover, the difference in RTA ID50 ratios was significant (p<O.Ol).
Immzlnofluorescent Detection of p23
Cells were fixed, permeabilized, and labeled with mouse MAb KR-10 to the KDEL receptor (p23). Each of the seven cell lines showed the presence of the KDEL receptor in the ER, but three of the cell lines (HUT102, CEM, and OVCAR3) showed no detectable KDEL receptor in the Golgi region ( Figure 4 ; Table 4 ). On the other hand, Vero, KB, Hep3B, and Cos cells all showed easily detectable concentrations of the KDEL receptor in the Golgi region ( Figure 4 ; Table 4 ). Golgi structures were further identified in double-labeling experiments in both the Hep3B and OVCAR3 cell lines using WGA-FITC ( Figure 5 ).
Discussion
Initial efforts to express high levels of RTA in E. coli were complicated by temperature-dependent aggregation phenomena (29, 30) . RTA was stabilized in a previous study by fusion to P-galactosidase (25) and in the present study by fusion to glutathione-S-transferase.
In both reports, the fusion protein facilitated purification. The yields of 2-3 mglliter of induced E. coli in the present work were similar to previous reports. The addition of KDEL to the C-terminus of RTA had no effect on protein recovery. Bacterial RTA bound antiricin antibodies as well as plant RTA based on immunoblots. Because the X-ray crystallographic structure of recombinant RTA is almost identical to that of plant RTA in ricin, large differences would not be expected (31) . The immunological homology of RTA-KDEL with RTA suggests that protein folding is similar for the two recombinant proteins.
Enzymatic activity for both bacterial RTA and bacterial RTA-KDEL was indistinguishable from that for plant RTA. The active site cleft of RTA is remote from the C-terminus (32) . Therefore, changes in Km or kcat were neither anticipated nor observed. The comparable in vitro enzyme activity enables us to indirectly measure delivery of toxin to the cytosol by cell cytotoxicity.
RTA-KDEL reassociated with plant RTB equally well as wildtype RTA or plant RTA. The recombinant proteins appear to be excellent models for the plant toxin and subunits. Bacterial wildtype RTA and plant RTA showed equal minimal toxicity to mammalian cells. Reassociated wild-type RTA-plant RTB and plant RTA-plant RTB intoxicated cells with similar ID5@ as plant ricin.
The ID5os were similar to previously reported values for ricin and RTA on mammalian cells (25) . Therefore, we believe that the KDEL enhancement experiments have applications to the toxicity of native toxins.
Wales et al. (15.16) reported that addition of KDEL to the C-terminus of RTA enhanced RTA cytotoxicity between 10-fold and 250-fold and ricin cytotoxicity sevenfold. They suggested that normally ricin switches receptors in the trans-reticular Golgi (TR Golgi) and binds galactosylated ER luminal proteins, which are returned to the ER by carrying a KDEL motif. The ER then serves as the organelle from which RTA translocates to the cytosol. The addition of KDEL to ricin would presumably make this process more efficient. In the case of RTA, the molecule enters cells by fluidphase endocytosis and is poorly routed to the ER. The addition of KDEL markedly enhances the toxicity of these proteins by providing the only selective delivery mechanism to the ER. Our studies confirmed the greater KDEL enhancement of cytotoxicity to RTA vs ricin on a series of cell lines.
Although Wales et al. noted some variability in KDEL enhancement among three cell lines (HeLa, Vero, and Cos), they did not report any cases without enhancement. In contrast. Robertus (17) observed no KDEL enhancement of RTA cytotoxicity to a T-leukemia cell line. Likewise, Li and Ramakrishnan (18) failed to observe KDEL enhancement of RTA immunotoxin cytotoxicity on an ovarian cancer cell line. We now report three cell lines with significantly less KDEL toxin sensitivity than three other cell lines. Differences in retrograde transport from the TR Golgi to ER may be caused by several different molecular mechanisms. ER-resident protein present in the Golgi may be incompletely glycosylated and lack terminal galactose moieties for recognition by ricin lectin. We do not believe that this is the only mechanism causing resistance, because KDEL enhancement of RTA toxicity without RTB present was also reduced. There may be defects in vesicle formation and transport between the Golgi and the ER. Such relative KDEL toxin resistance has been observed with brefeldin A and mutant Rabla, ARFI, and Sarl(6.33). However, such defects produce a lethal phenotype and would not be expected to persist in cultured cell lines. Resistant cell lines may have decreased KDEL receptor. Our immunofluorescence studies argue against a gross difference in total levels of p23, the major KDEL receptor protein. Another KDEL receptor that fails to react with antibody KR-10 may be important in toxin transport and may be decreased in these cell lines. However, the MAb was prepared against a conserved C-terminal peptide sequence found in all KDEL receptors to date. Finally, relative KDEL toxin resistance may be mediated by a redistribution of KDEL receptor out of the TR Golgi. Our results support such a hypothesis. Griiiths and co-workers (34) peratures. Our findings provide support for the possibility that the distribution of KDEL receptor in the Golgi network may be an intrinsic property of different cell types or cell lines. Some cell lines with less KDEL receptor in the TR Golgi show less sensitivity to KDEL toxins and may have other as yet unrecognized properties. Because only changes in rate-limiting cell components are likely to affect RTA cytotoxicity, the results suggest that the concentration of KDEL receptor in the Golgi is rate-limiting. However, the assay is qualitative and the degree of reduction in KDEL receptor cannot be determined either by immunofluorescence or toxin potency.
Each of the seven cell lines showed strong reactivity with the anti-KDEL receptor antibody with staining of the ERlnuclear envelope. These results confirm previous studies on the distribution and are compatible with the role of p23 in retrieval of proteins to the ER.
The finding of marked variations in sensitivity of cell lines to KDEL toxins supports earlier observations by Godal et al. (35) of varying sensitivity of melanoma cell lines to ricin and abrin in the absence of decreased cell binding. Because many of the peptide toxins are components of immunotoxins that are being used in clinical trials in a number of human malignancies and autoimmune disorders, the intrinsic properties of the target tissues in the body may have great impact on the therapeutic index. This report documents one possible intracellular mechanism for varying cell sensitivity.
Genetic engineering of ricin for ricin-based immunotoxins has focused on elimination of lectin binding sites to reduce nonspecific toxicity (26) . However, loss of intracellular galactosyl binding may markedly impair retrograde transport from the TR Golgi to the ER and may block RTA translocation to the cytosol. The present work suggests either that residual sugar binding should be retained or that KDEL peptide should be added to the ricin-based molecules.
Alterations in the amount or distribution of the KDEL receptor in intracellular compartments describe a new intrinsic property of mammalian cells. Such a molecular phenotype may be added to cell surface receptor patterns, intracellular kinase levels, transcription factor content, and alterations in cytoskeletal components as markers for distinct physiological states in cells.
